Objective: We investigated whether a simple measure of reaction time (RT) intraindividual variability (IIV) was associated with falls in older adults. Falls and fall-related injuries represent a major cost to health care systems, it is therefore critically important to find measures that can readily identify older adults at greater risk of falling. Method: Cognitive and motor function were investigated in 108 adults aged 53 to 93 years (M ϭ 73.49) recruited across the local community and hospital outpatient department. Forty-two participants had experienced either an injurious fall, or multiple falls, in the previous 2 years. Results: Logistic regression suggested that fallers could be distinguished from nonfallers by greater medication use, IIV, postural sway, weaker grip strength and slower gait speed. Structural equation models revealed that IIV was predictive of falls via the mediating variable of motor function (e.g., gait). IIV also predicted higher order cognition (executive function) but higher order cognitive function did not uniquely predict falls or account for the associations between IIV and falls. Conclusions: These findings indicate that IIV measures capture important aspects of cognitive and motor decline and may have considerable potential in identifying older adults at risk of falling in health care and community settings.
Aging populations around the world present a variety of challenges to health care systems in both developed and developing countries. One of the major challenges relates to falls in older adults. Falls represent a major cost to health care systems, and the frequently sustained subsequent injuries limit both quality of life and independence in old age. With 30% of people older than 65 years and 50% of people older than 80 years falling at least once a year, falls are estimated to cost the UK National Health Service more than £2.3 billion ($2.8 billion) each year (National Institute for Health and Care Excellence, 2013) . It would therefore be useful to identify individuals at greater risk of falling before an adverse event so that appropriate advice and support can be provided.
In the present study we wished to examine the ability of "cognitive" and "motor" measures to identify fallers. We were interested in these factors as both cognitive decline and motor impairment have been linked to greater fall risk. It is well established that higher order cognitive deficits (e.g., impaired "executive control") are related to falls in old age (for reviews, see Beauchet et al., 2009; Kearney, Harwood, Gladman, Lincoln, & Masud, 2013) . For example, the time to complete the "Trail Making B" executive control task was significantly slower in multiple fallers compared with nonmultiple fallers (Pijnappels, Delbaere, Sturnieks, & Lord, 2010) . Likewise, deficits in "go/no-go" and Stroop tasks were found in participants reporting a fall during a 2-year follow-up period (Herman, Mirelman, Giladi, Schweiger, & Hausdorff, 2010) . There is also evidence that motor coordination difficulties relate to a greater risk of falling (Horak, 1997) . Poor grip strength has not only been associated with dementia (e.g., Alencar, Dias, Figueiredo, & Dias, 2012) but also with falls (Campbell, Borrie, & Spears, 1989; Nevitt, Cummings, & Hudes, 1991; Pijnappels et al., 2010; Tromp et al., 2001 ). Impaired balance is also related to falls (Lord et al., 1994; Sturnieks et al., 2004) and it is likely that cognitive and motor deficits interact with regard to the risk of falling. Furthermore, the control of gait and posture shifts from subcortical pathways to cortical networks in conditions such as Parkinson's disease (Morris, Iansek, Matyas, & Summers, 1996) . A decline in motor function because of old age can lead to a variety of compensatory behaviors (Holt et al., 2013; Raw, Kountouriotis, Mon-Williams, & Wilkie, 2012 ) that may be strategic, explicit and under conscious cognitive control. Indeed, in dual-task conditions (e.g., speaking while walking) older adults may not reallocate resources appropriately and therefore fail to compensate adequately (Harley, Wilkie, & Wann, 2009) . In support of the idea that motor and cognitive factors interact in falls risk, dual-task performance has been found to decline in individuals who have experienced a first fall over a 12-month period (Verghese et al., 2002) .
The fact that cognitive and motor factors predict risk of falling suggests that it would be useful to measure cognition and motor performance in older adults. The problem is that tests for cognitive and motor performance tend to be time consuming and rely on relatively expensive apparatus and trained professionals (e.g., neuropsychologists and occupational therapists). We were therefore interested in exploring whether a relatively fast and easy-to-administer composite measure of cognitive and motor status might provide a useful measure of an individual's risk of falling. Our goal was to determine whether intraindividual variability (IIV) might provide a useful measure that could indicate individuals at risk of falling. IIV is commonly operationalized through the trial-to-trial variation in reaction times (RTs) for a given cognitive task and thus has both cognitive and motor components. Theoretically, this measure is thought to capture moment-to-moment fluctuations in attentional or executive control mechanisms (Bunce, MacDonald, & Hultsch, 2004; Bunce, Warr, & Cochrane, 1993; West, Murphy, Armilio, Craik, & Stuss, 2002) and so is considered a useful marker of neurobiological disturbance (e.g., Hultsch, 2008) . IIV has been the subject of considerable interest within the aging literature, as not only does it increase with age (e.g., Bielak, Hultsch, Strauss, Macdonald, & Hunter, 2010; Hultsch, MacDonald, & Dixon, 2002) but it is also predictive of a variety of neuropathological conditions including mild cognitive impairment (e.g., Bielak et al., 2010; Christensen et al., 2005) dementia (e.g., Hultsch, MacDonald, Hunter, Levy-Bencheton, & Strauss, 2000; Murtha, Cismaru, Waechter, & Chertkow, 2002 ) and Parkinson's disease (de Frias, Dixon, Fisher, & Camicioli, 2007) . It has also been suggested that greater variability is associated with gait impairment and falls in old age (for a review, see Graveson, Bauermeister, McKeown, & Bunce, 2015) . Together, this body of work suggests that IIV is not only sensitive to aging and age-related neuropathological disturbance but, importantly, is also predictive of older adults at risk of gait impairment and falling. The measure may, therefore, have potential for screening and assessment in clinical contexts.
In summary, we hypothesized that IIV (captured through moment-to-moment changes in keypress RTs within cognitive tasks) may be related to falls. We tested this hypothesis using logistic regression analyses and structural equation modeling in a sample of older adults recruited from the community and the health service.
Method Participants
One hundred and eight (78 women) persons aged 53 to 93 years (M ϭ 73.49; SD ϭ 8.79) were recruited from the local community and the UK National Health Service (NHS). Of the 108 participants, 42 self-reported an injurious fall, or multiple falls, in the preceding 24 months. In order to address possible dementia, the Mini-Mental State Examination (MMSE; Folstein, Folstein, & McHugh, 1975) was administered and all participants scored Ն26. Full-scale IQ was estimated using the National Adult Reading Test (Nelson, 1982) . We screened for gross visual deficits using a Snellen chart placed at 3m. We also measured visual contrast using the Melbourne Edge Test following standard procedures (MET; Verbaken, 1986) . The study received ethical approval from appropriate university and NHS research ethics committees.
Falls History
A fall was defined as "an unexpected event in which the person comes to rest on the ground, floor, or lower level" (Lamb, Jørstad-Stein, Hauer, & Becker, 2005 , p. 1619 . Following procedures elsewhere Delbaere et al., 2012) , "Fallers" were identified as having one injurious fall or multiple noninjurious falls in the previous 24 months.
IIV Measures
Reaction times were collected across a battery of cognitive tasks using E-Prime (Psychology Software Tools, Pittsburgh, PA, 2002) software. Practice trials were administered throughout and test trials were presented pseudorandomly. Correct trials only were used in statistical analyses. In a Simple RT task (SRT) over 48-trials, participants pressed the space bar whenever an X appeared in the center of the computer screen. Intertrial intervals were randomized between 300 and 1,000 ms. In a Two-Choice version of the task (2-CRT), participants responded to a black 25 mm diameter circle presented either to the right or the left of the screen using designated keyboard keys, left or right. Here, the intertrial interval was 500 ms. A 64-trial simple visual search task was also administered where a 6 ϫ 6 array of green letter Os was presented. For 32 of the trials, a green target letter Q was embedded randomly within the array. Designated keyboard keys were pressed to indicate the presence or absence of the Q. The intertrial interval was 500 ms. Two further RT tasks emphasized inhibitory control. First, a 64-trial version of the Eriksen Flanker task (Eriksen & Schultz, 1979) was presented in which participants responded to the horizontal direction of a central target arrow while ignoring the distractor flanker arrows (2 either side of the target arrow) using designated keyboard keys, left or right. The trials were divided equally into congruent (arrows pointing in same direction) and incongruent (middle arrow pointing in the opposite direction to the flanker arrows) trials. Intertrial intervals were randomized between 300 and 1,000 ms. Second, in a 96-trial Stroop word task, participants responded to the presented word ink color (red, blue, yellow, green) and ignored the written word (red, blue, yellow, green) using four appropriately colored keys. The This document is copyrighted by the American Psychological Association or one of its allied publishers.
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trials were equally divided into congruent (word-color match) and incongruent (word-color mismatch) trials. The intertrial interval was 500 ms. For the RT tasks, data were trimmed by eliminating extremely fast or slow trials using a lower boundary of 150 ms and an upper boundary of the individual mean RT ϩ 3 individual SDs.
A minority of error trials were also excluded. Eliminated trials were replaced with the individual's mean RT for that task. The within-person coefficient of variation (CV ϭ SD/M) was used as a measure of IIV in all statistical analyses. We chose this measure of variability as it takes mean RT into account thereby controlling for age-related slowing. Work from our own group (Bunce et al., 2013) and elsewhere (Lovden, Li, Shing, & Lindenberger, 2007) , suggests the CV provides similar findings to other measures of IIV.
Higher Order Cognitive Measures
Higher order cognition ("executive function") was measured using paper-and-pencil tasks. The Trail Making A and B tasks (TMT; Army Individual Test Battery, 1944) were administered. In the TMT-A participants were required to sequentially join 25 numbered dots (1-2-3-4 -5-6 . . .) as quickly and accurately as possible. The time taken to join the dots was recorded. In the TMT-B version of the task, participants were required to sequentially join 12 numbered and 12 lettered dots, alternating between number and letter (1-A-2-B-3-C . . .). Again, time taken to join the dots was recorded. To test Verbal fluency (and executive control) an Alternate Category Task (Parkin, Walter, & Hunkin, 1995) was administered requiring the alternating generation of unique animal and country names in a one minute period. A correct score was recorded for each successful animal-country switch. Executive function was additionally measured using the computed difference between TMT-B and A (TMT-costs).
Motor Measures
Grip strength. Grip strength was measured using a Smedley digital hand dynamometer (Model12-0286, Baseline Evaluation Instruments) which measured force exerted in kilograms. Six trials were administered alternating right and left hands and the mean average force (kg) was computed (Roberts et al., 2011) .
Leg resistance. Gait speed was timed over a 4-m measured distance where participants were instructed to walk their "normal walking pace" along a track. Three trials were administered and the mean average time was computed (Studenski et al., 2011) .
Leg resistance. Leg resistance was measured using a custommade, adjustable Velcro™ leg strap attached to a portable digital hanging scale (NOPS Model: 30890, 200kg capacity, China). The strap was fastened to the back leg of an upright, stable chair. The strap was placed around the participant's preferred leg, approximately 10 cm above the ankle (Lord, Menz, & Tiedemann, 2003) . Participants were instructed to pull firmly against the strap in a knee extensor movement using minimal lift. Three trials were administered with the same leg and the mean average resistance (kg) was computed.
Balance. Postural sway was measured using a Nintendo Wii-Fit™ (Nintendo, USA) balance board. Participants were instructed to stand upright on the board with their feet placed inside taped markings, a shoulder-width apart. Data were collected on a Toshiba laptop through a customised postural sway program (Flatters, Culmer, Holt, Wilkie, & Mon-Williams, 2014) using LabVIEW (National Instruments) script. Participants were required to stand as still as possible for 30 s with their eyes open while the Wii board monitored the center of pressure (COP) at 60 Hz. From this, a COP deviation was estimated.
Procedure
The test session commenced with a comprehensive biographical questionnaire, falls history, MMSE and NART. These were followed by measures of grip strength, leg resistance, eyesight and gait speed. The cognitive measures were then administered, followed by the balance measures. The testing session lasted approximately one hour.
Statistical Analyses
The main analyses involved, first, individual logistic regression analyses to identify the strongest predictors of falls. Second, a two-step multiple-mediation analysis involving all key variables was conducted using structural equation modeling. In Step 1, a direct path model was used with falls as the outcome variable and IIV as the predictor. In Step 2, falls was the outcome variable, IIV was the predictor variable, and executive and motor function served as mediating latent variables (see Figures 1 and 2 ).
Results
Descriptive statistics for nonfallers and fallers are presented in Table 1 . Fallers were significantly older and recorded lower NART scores (ranges: Nonfallers 104 -128; Fallers 100 -128). Therefore, age and NART scores were taken into account in all subsequent multivariate statistical procedures. There were significant between-groups differences for the majority of IIV, executive function and motor measures with fallers exhibiting deficits across all variables. For the RT tasks, fallers were more error prone than nonfallers.
1 Percentages of inaccurate trials for nonfallers and fallers, respectively were 2-CRT 1.6 to 4.15; Flanker 5.8 to 17.5; Stroop 4.8 to 8.1; Visual search 5.2 to 6.1. Table 2 presents logistic regression analyses after adjusting for age and additionally for NART scores in the IIV and executive function analyses. Falls (1 ϭ yes, 0 ϭ no) were regressed onto all of the function variables in individual logistic regressions. For the demographic and health variables, more medications and poor general health score were significantly associated with falling (all ps Ͻ.01). For the motor measures, poorer balance, slower gait speed and weaker grip strength were all significantly associated with the prevalence of falls (all ps Ͻ.01). Regarding the IIV measures, greater variability in the 2-CRT, flanker and Stroop word tasks was significantly asso-1 For descriptive purposes and in order to provisionally explore associations between the main variables, we computed bivariate correlations. For interested readers, this table is posted as online supplementary material. This document is copyrighted by the American Psychological Association or one of its allied publishers.
ciated with a higher likelihood of falls (all ps Ͻ .05).
2 Lower verbal fluency scores also predicted falls, suggesting that poorer executive control was associated with a greater prevalence of falls (p Ͻ .01).
The relationship between falls, age, IIV, executive function and motor measures was then investigated using structural equation modeling. For these analyses we used a two-step multiple mediator model (Holbert & Stephenson, 2003; Preacher & Hayes, 2008 ) that allowed multiple explanatory variables of the IIV-falls association to be assessed simultaneously. Latent constructs were computed from the variables which were significant in the logistic regression analyses. Thus, a latent "motor" construct was computed from gait speed, grip strength and balance measures, while an IIV latent variable was constructed from the 2-CRT, flanker and Stroop tasks. For executive function, TMT-costs and verbal fluency measures were used to form the latent construct. 3 We adjusted for age and NART scores in all of the models.
Model 1 assessed the initial relationship between IIV and falls (see Figure 1) . The direct standardized regression path (Path a in Figure 1 ) was assessed and this was significant, suggesting a direct effect of IIV on falls. This is consistent with the earlier logistic regression analyses where greater IIV was associated with a greater likelihood of falling (see Table 2 ). Model fit statistics suggested acceptable fit (Kenny, 2014; Kline, 2010 ). A second model was then generated in order to evaluate whether this effect was mediated by another variable (see Figure 2) . This multiple mediator model assessed the separate direct regression paths from IIV to executive or motor function (Paths b and c, respectively), as well as the direct paths from executive and motor function to falls (Paths d and e, respectively). Executive and motor function are thereby placed as mediating variables within the model, creating indirect mediation paths: IIV ¡ Executive function ¡ Falls (Path f) and IIV ¡ Motor Function ¡ Falls (Path g). To compute the mediation effect and interpret the multiple mediator model, the direct unstandardized regression paths within each indirect path were used (Holbert & Stephenson, 2003; Preacher & Hayes, 2008) . These beta weights were converted to z-scores and the mediation path was the product of these two z-scores. The significance level of the z-score product was determined relative to the x,y normal distribution (Craig, 1936) . The rationale was that if the direct path between IIV and Falls (Path a) became nonsignificant while the indirect mediator paths attained significance, it would be reasonable to conclude that full mediation has occurred (Baron & Kenny, 1986) . If the direct path between IIV and Falls remained significant while the indirect path was significant, then partial mediation has occurred.
In Model 2 (see Figure 2) , model fit statistics suggested acceptable fit (Kenny, 2014; Kline, 2010) . Importantly though, the direct path between IIV and Falls (Path a) that was significant in Model 1, became nonsignificant thereby fulfilling one of the criteria for mediation (Baron & Kenny, 1986) . Additionally, although the direct standardized Executive Function to Falls path (Path d) was nonsignificant, all of the other direct paths (Paths b, c, e) were significant suggesting direct effects between these latter variables. Critically, the outer pathway representing the indirect effect of the mediator, was nonsignificant for IIV ¡ Executive Function ¡ Falls (Path f) but significant for IIV ¡ Motor Function ¡ Falls (Path g). This suggests that Motor Function, rather than Executive Function, mediated the association between IIV and Falls.
In order to better understand the influence of Motor Function, a further series of logistic regression models were run. These models investigated the mediating effect of the individual Motor Function components (gait speed, grip strength or balance) on the IIV-falls association. In Model 1, falls were regressed on IIV adjusting for age and NART. This model was then rerun but systematically adjusting for either gait speed, grip strength or balance. The key element in 2 We repeated these analyses adding percent correct for the respective task to the models as it may be of interest to some readers, whether accuracy or CV was the stronger predictor of falls. Here, the CV for 2-CRT remained significant whereas those for the Flanker (p ϭ .058) and Stroop (p Ͼ .27) tasks became nonsignificant. When entered alone into the models, percent correct failed to significantly predict falls.
3 Because two variables are required to construct the latent variable, TMT-costs were included even though this variable did not reach significance in the logistic regression. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
these repeated analyses was whether the beta values from the IIVfalls association in the first analysis became nonsignificant or were attenuated. The outcome of this analysis was that in Model 1, the beta value for IIV was significant (␤ ϭ 1.10, p Ͻ .01). When the model was subsequently adjusted for either Sway, Grip strength or Gait speed, although IIV remained significant for each component of motor Function, the beta value was attenuated for Gait Speed (␤ ϭ .87, p Ͻ .05) and more marginally for Grip Strength (␤ ϭ 1.05, p Ͻ .01). For Balance, the beta value marginally increased but dropped in significance level (␤ ϭ 1.20, p Ͻ .05). This analysis informs the earlier structural equation models as it suggests that Gait speed and to a lesser extent, Grip strength were influential in the mediation effect found for the IIV-falls association.
Discussion
This study set out to provide insights into the relationship between IIV, higher order cognition ("executive function") and motor factors that influence falling in old age. The study was motivated by a body of evidence suggesting that cognitive and motor decline contribute (probably in an interactive manner) to an individual's risk of falling. We were particularly interested in discovering whether relatively easy-to-administer tests of IIV might index decline in the cognitive and/or motor abilities that relate to risk of falling. There were two important findings. First, logistic regression analyses suggested that greater IIV (as measured by intraindividual RT variations) as well as deficits in executive and motor function were all associated with a higher likelihood of falling in this older sample. Second, structural equation modeling (that simultaneously took into account multiple sources of variance) revealed that the motor but not the executive function measures accounted for the association between IIV and falling.
The finding that measures of IIV predicted falls is consistent with empirical work elsewhere (Graveson et al., 2015) . However, structural equation modeling indicated that it was the motor function rather than the higher order cognition that accounted for that association. The relationship between motor function and falls is consistent with research that shows an association between gait and falls (for a review, see Ambrose, Paul, & Hausdorff, 2013) , and grip strength and falls (Campbell et al., 1989; Nevitt et al., 1991; Pijnappels et al., 2010; Tromp et al., 2001) . Nevertheless, the motor system does not operate in isolation from the cognitive system and there is good evidence to suggest that cognitive deficits increase risk of falling. It is likely that cognitive decline decreases the resources available to compensate for decrements in automatic motor processes, which would explain the relationship between dual-task performance and balance. It follows that in neuropsychological contexts, a measure that can capture a decline in cognition and motor function (e.g., IIV) might be extremely useful in identifying "at-risk" individuals and this is what the present research indicates. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
It is of interest to note that the IIV measure was able to predict higher level cognitive function (on tasks designed to operationalize cognitive skills that can be labeled as "executive function"). This indicates that the IIV measure did capture important components of cognition. Nevertheless, there was no direct pathway found between executive function and falling and neither did executive control mediate the IIV-falls association. This finding was unexpected as work elsewhere (Kearney et al., 2013) suggests an association between executive function and falls. Following this evidence, we designed the study to include executive function as a potential mediator of associations with falls. However, as detailed in the Introduction, IIV theoretically captures fluctuations in executive control and as such, there is considerable conceptual overlap between the respective measures. Therefore, following Miyake's conceptual framework for executive function (Miyake et al., 2000) , we based our IIV measure on the inhibition construct (Stroop and Flanker tasks) and the mediator variable captured the updating and switching constructs (verbal fluency and Trailmaking tasks). However, despite seeking to delineate between the key components of executive function in this way, it is possible that the lack of mediation effect for higher cognition was due to residual conceptual overlap between IIV and executive control measures. Clearly further work is required to disentangle linkages between these constructs in more detail. Additionally, higher order cognitive functions by definition play a relatively minor role in lowerlevel perceptual-motor behaviors. This is not to suggest that higher order cognition has no influence on an individual's risk of falling. The individual who fails to recognize the risks involved in going for a walk along an icy pavement or who fails to plan a route with good footing is more likely to experience a fall than someone with superior decision making abilities. But the present study did not involve individuals with gross impairment of higher order cognition and it seems reasonable to assume that it is perceptual-motor capability and "online" cognitive function which are the primary determinants of falls within such populations. Moreover, despite drawing on higher order cognitive processes, measures of RT variability have a substantial motor component, and the findings suggest that in the present falls context, this may be particularly influential. In order to confirm and extend the present findings, it Note. Age was a covariate throughout all analyses and NART was an additional covariate in all cognitive analyses; cognitive data were converted to z-scores. Falls ϭ multiple or one injurious in last 24 months; NART ϭ National Adult Reading Test; Medications ϭ number of regular prescribed medications; Self-rated health ϭ self-rating health scale; General health ϭ number of diagnosed major medical conditions; Balance ϭ fixed point center of pressure (COP) variance; CV ϭ coefficient of variation: standard deviation/mean; SRT or 2-CRT ϭ simple and two-choice reaction time. TMT-costs ϭ Trail Making B less A; CI ϭ confidence interval. ‫ء‬ p Ͻ .05. ‫ءء‬ p Ͻ .01. This document is copyrighted by the American Psychological Association or one of its allied publishers.
is important that both experimental and longitudinal populationbased research identifies and elucidates the precise cognitive and motor mechanisms that underlie falls in old age. Although the present study has a number of strengths including the community-based sample and use of advanced statistical procedures to investigate relations between key variables, there are some limitations we should acknowledge. First, as our study was cross-sectional, it was not possible to demonstrate the causal structure of the influences on falls. Second, fallers were significantly older and reported poorer general health and recorded more medication usage than nonfallers. Third, nonfallers tended to be more prone to errors on the RT tasks, which may have affected computations of the CV. Additionally, the measure of falls was retrospective and it is important that future research uses this measure prospectively. However, it seems unlikely that the falls precipitated IIV per se, suggesting that this measure is providing a potentially useful marker of risk. Moreover, the work has identified an extremely promising measure that could be usefully deployed in clinical settings and large scale epidemiological studies. It should be noted that measures of IIV are relatively quick and easy to administer, require little neuropsychological training, and can be constructed using minimal linguistic content. The present research demonstrates the ease with which these measures can be deployed within clinical settings. In contrast, the comprehensive battery of cognitive and motor tests used within the present research needed to be administered by a trained psychologist, used relatively expensive equipment and were time consuming to administer. Moreover, the clinics needed to make considerable adaptations in order for us to undertake the full cognitive and motor testing battery. Thus, IIV measures may have considerable potential for screening and assessment purposes in older and linguistically diverse populations. Given the present findings, and work showing IIV measures predict a range of age-related neurodegenerative disorders including mild cognitive impairment (e.g., Bielak et al., 2010) , dementia (e.g., Hultsch et al., 2000) and Parkinson's disease (e.g., de Frias et al., 2007) , it seems highly worthwhile to test these measures further in neuropsychological and more broadly in clinical contexts.
To conclude, the present findings suggest that IIV is associated with falls in old age. In light of the economic health care costs of falls in older populations (and costs in terms of restricted independence and diminished quality of life) there is a pressing need for early identification of older persons at risk of falling. The present findings suggest that measures of IIV may have considerable potential in this respect.
